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Physics of suction cups
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We have developed a theory for the contact between suction cups and randomly rough surfaces.
The theory predicts the dependency of the pull-off time (lifetime) on the pull-off force, and is
tested with measurements performed on suction cups made from a soft polyvinyl chloride (PVC).
As substrates we used sandblasted poly(methyl methacrylate) (PMMA). The theory is in good
agreement with the experiments, except for surfaces with the root-mean-square (rms) roughness
below ≈ 1 µm, where we observed lifetimes much longer than predicted by the theory. We show that
this is due to out-diffusion of plasticizer from the soft PVC, which block the critical constrictions
along the air flow channels.
Introduction–All solids have surface roughness which
has a huge influence on a large number of physical phe-
nomena such as adhesion, friction, contact mechanics and
the leakage of seals[1–13]. Thus when two solids with
nominally flat surfaces are squeezed into contact, un-
less the applied squeezing pressure is high enough, or the
elastic modulus of at least one of the solids low enough,
a non-contact region will occur at the interface. If the
non-contact region percolate there will be open channels
extending from one side of the nominal contact region to
the other side. This will allow fluid to flow at the inter-
face from a high fluid pressure region to a low pressure
region.
For elastic solids with randomly rough surfaces the
contact area percolate when the relative contact area
A/A0 ≈ 0.42 (see [14]), where A0 is the nominal con-
tact area and A the area of real contact (projected on
the xy-plane). When the contact area percolate there is
no open (non-contact) channel at the interface extending
across the nominal contact region, and no fluid can flow
between the two sides of the nominal contact.
The discussion above is fundamental for the leakage
of static seals[15–18]. Here we are interested in rubber
suction cups. In this application, the contact between
the suction cup and the counter surface (which form an
annulus) must be so tight that negligible air can flow
from outside the suction cup to inside it.
Suction cups find ubiquitous usage in our everyday ac-
tivities such as hanging of items to smooth surfaces in our
houses and cars, and for technologically demanding appli-
cations such as lifting fragile and heavy objects safely in a
controlled manner using suction cups employing vacuum
pumps. Suction cups are increasingly used in robotic ap-
plications, such as robots which can climb walls and clean
windows. The biomimetic design of suction cups based
on octopus vulgaris, remora (sucker fish), and limpets is
an area of current scientific investigations that could lead
to suction cups exhibiting adhesion under water and on
surfaces with varying degree of surface roughness.
Theory–The suction cups we study below can be ap-
proximated as a trunkated cone with the diameter 2r1.
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FIG. 1: Model of suction cup used in the present study.
The angle α and the upper plate radius r0 are defined in
Fig. 1. When a suction cup is pressed in contact with a
flat surface the rubber cone will make apparent contact
with the substrate in an annular region, but the contact
pressure will be largest in a smaller annular region of
width l(t) formed close to the inner edge of the nomi-
nal contact area (see Fig. 1). We will assume that the
rubber-substrate contact pressure in this region of space
is constant, p = p(t), and zero elsewhere.
If we define h0 = r0tanα the volume of gas inside the
suction cup is
V = pir2
1
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Since
r
r0
= 1 +
h
h0
(1)
we get
V = V0 [( r
r0
)3 − 1] (2)
where V0 = pir
2
0h0/3. The elastic deformation of the rub-
ber film (cone) needed to make contact with the substrate
require a normal force F0(h), which we will refer to as
the cup (non-linear) spring-force. This force result from
the bending of the film and to the (in-plane) stretching
2and compression of the film needed to deform (part of)
the conical surface into a flat circular disc or annulus.
The function F0(h) can be easily measured experimen-
tally (see below).
We assume that the rubber cup is in repulsive contact
with the substrate over a region of width l(t). Since
the thickness of the suction cup material decreases as r
increases, we expect that l decreases as r increases. From
optical pictures of the contact we have found that to a
good approximation
l ≈ l0 + la (1 − r
r0
) = l0 − la h
h0
(3)
where la = (l1 − l0)/(1 − r1/r0) where l1 is the width of
the contact region when r = r1, and l0 the width of the
contact region when r = r0. The contact pressure p = p(t)
in the circular contact strip is assumed to be constant
p ≈
F0(h)
2pirl
+ β(pa − pb) (4)
where β is a number between 0 and 1.
Assume that the pull-force F1 act on the suction cup
(see Fig. 1). The sum of F1 and the cup spring-force F0
must equal the force resulting from the pressure differ-
ence between outside and inside the suction cup, i.e.
F0 + F1 = pir
2 (pa − pb) (5)
We assume that the air can be treated as an ideal gas so
that
pbVb =NbkBT. (6)
The number of molecules per unit time entering the
suction cup, N˙b(t), is given by
N˙b = f(p, pa, pb)Ly
Lx
(7)
Here Lx and Ly are the lengths of the sealing region along
and orthogonal to the gas leakage direction, respectively.
In the present case
Ly
Lx
=
2pir
l
The (square-unit) leak-rate function f(p, pa, pb) will be
discussed below.
The equations (1)-(7) constitute 7 equations from
which the following 7 quantities can be obtained: h(t),
r(t), l(t), V (t), pb(t), p(t) and Nb(t). The equations
(1)-(7) can be easily solved by numerical integration.
The suction cup stiffness force F0(h) depends on the
speed with which the suction cup is compressed (or de-
compressed). The reason for this is the viscoelastic na-
ture of the suction cup material. To take this effect into
diffusive atom
motion
ballistic atom
motion
λ << uc
λ >> uc
(a)
(b)
uc
atom mean free path (in the gas) = λ
FIG. 2: Diffusive (a) and ballistic (b) motion of the gas atoms
in the critical junction. In case (a) the gas mean free path λ
is much smaller than the gap width uc and the gas molecules
makes many collisions with other gas molecules before a colli-
sion with the solid walls. In the opposite limit, when λ >> uc
the gas molecules makes many collisions with the solid wall
before colliding with another gas molecule. In the first case
(a) the gas can be treated as a (compressible) fluid, but this
is not the case in (b).
account we define the contact time state variable φ(t)
as[1, 19, 20]:
φ˙ = 1 − r˙φ/l (8)
with φ(0) = 0. For stationary contact, r˙ = 0, this equation
gives just the time t of stationary contact, φ(t) = t. When
the ratio r˙/l is non-zero but constant (8) gives
φ(t) = (1 − e−t/τ) τ,
where τ = l/r˙. Thus for t >> τ we get φ(t) = φ0 = τ , which
is the time a particular point on the suction cup surface
stay in the rubber-substrate contact region of width l(t).
It is only in this part of the rubber-substrate nominal
contact region where a strong (repulsive) interaction oc-
cur between the rubber film and the substrate, and it
is region of space which is most important for the gas
sealing process.
From dimensional arguments we expect that F0(h) is
proportional to the effective elastic modulus of the cup
material. We have measured F0(h) at a constant indenta-
tion speed h˙, corresponding to a constant radial velocity
r˙ = h˙(r0/h0) (see (1)). In this case the effective elastic
modulus is determined by the relaxation modulus Eeff(t)
calculated for the contact time φ0 = l/r˙. However, in
general r˙ may be strongly time-dependent. We can take
that into account by replacing the measured F0(h) by
the function F0(h)Eeff(φ(t))/Eeff(φ0).
Diffusive and ballistic gas leakage–The gas leakage re-
sult from the open (non-contact) channels at the inter-
face between the rubber film and the substrate. Most of
the leakage occur in the biggest open flow channels. The
most narrow constriction in the biggest open channels
are denoted as the critical constrictions. Most of the gas
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FIG. 3: The stiffness force F0(h) (in N) as a function of the
squeezing (or compression) distance (in mm) for the suction
cups A (red) and B (blue). The suction cups are squeezed
against a smooth glass plate with a hole in the center through
which the air can leave so the air pressure inside the rubber
suction cup is the same as outside (atmospheric pressure).
The glass plate is lubricated with soap-water.
pressure drop occur over the critical constrictions, which
therefore determine the leak-rate to a good approxima-
tion. The surface separation in the critical constrictions
is denoted by uc. Theory shows that the lateral size of
the critical constrictions is much larger than the surface
separation uc (typically by a factor of ∼ 100)[15–17].
In the theory for suction cups enters the leakrate func-
tion f(p, pa, pb) (see (7)). This function can be easily
calculated when the gas flow through the critical con-
strictions occur in the diffusive and ballistic limits (see
Fig. 2). Here we present an interpolation formula which
is (approximately) valid independent of the ratio between
the gas mean free path and the surface separation at the
critical constrictions:
N˙b =
1
24
Ly
Lx
(p2a − p2b)
kBT
u3c
η
(1 + 12 ηv¯(pa + pb)uc) (9)
Here η is the gas viscosity and kBT the thermal en-
ergy. The gas leakage equation (9) is in good agreement
with treatements using the Boltzman equation, and with
experiments[23, 24]. To calculate uc we need the rela-
tion between the interfacial separation u and the contact
pressure p. For this we have used the Persson contact
mechanics theory[13, 21, 22].
Suction cup stiffness force F0–We have measured the
relation between the normal force F0 and the normal dis-
placement of the top of a suction cup. In the experiments
we increase the displacement of the top plate (see Fig. 1)
at a constant speed and measure the resulting force. We
show results for two different suction cups, denoted A
and B.
We have measured the force F0 for the suction cups
squeezed against a smooth glass plate lubricated by soap
water. The glass plate has a hole below the top of the
suction cup; this allowed the air to leave the suction cup
without any change in the pressure inside the suction cup
(i.e. pb = pa is equal to the atmospheric pressure). Fig.
3 shows the stiffness force F0(h) (in N) as a function of
the squeezing (or compression) distance (in mm) for the
suction cups A (red) and B (blue).
The suction cups A and B are both made from similar
type of soft PVC and both have the diameter ≈ 4 cm.
However, for suction cup B the angle α = 21○ in contrast
to α = 33○ for suction cup A, and the PVC film is thicker
for the cup A. This difference in the angle α and the
film thickness influence the suction cup stiffness force as
shown in Fig. 3. Note that before the strong increase
in the F0(h) curve which result when the suction cup is
squeezed into complete contact with the counter surface
the suction cup A has a stiffness nearly twice as high as
that of the suction cup B.
Gas leakage–We have studied how the failure time of a
suction cup depends on the pull-off force (vertical load)
and the substrate surface roughness. The suction cup
was always attached to the lower side of a horizontal sur-
face and a mass-load was attached to the suction cup.
We varied the mass-load from 0.25 kg to 8 kg. If full vac-
uum would prevail inside the suction cup, the maximum
possible pull-off force would be pir21pa. Using r1 = 19 mm
and pa = 100 kPa we get Fmax = 113 N or about 11 kg
mass load. However, the maximum load possible in our
experiments for a smooth substrate surface is about 9 kg,
indicating that no complete vacuum was obtained. This
may, in least in part, be due to problems to fully remove
the air inside the suction cup in the initial state. In ad-
dition we have found that for mass loads above 8 kg the
pull-off is very sensitive to instabilities in the macroscopic
deformations of the suction cup, probably resulting from
small deviations away from the vertical direction of the
applied loading force.
The dependency of the failure time on the pull-off
force–Fig. 4 shows the dependency of the pull-off time
(failure time) on the applied pulling force. The results are
for the soft PVC suction cups A (red) and B (green) in
contact with a sandblasted PMMA surface with the rms-
roughness 1.89 µm. Before the measurement, all surfaces
were cleaned with soap water. The solid lines are the
theory predictions, using as input the surface roughness
power spectrum of the PMMA surface, and the measured
stiffness of the suction cup, the latter corrected for vis-
coelastic time-relaxation as described above. Note the
good agreement between the theory and the experiments
in spite of the simple nature of the theory.
Fig. 5(a) shows the calculated time dependency of the
radius of the non-contact region, and (b) the gas pressure
in the suction cup. We show results for several pull-off
forces from F1 = 5 N in steps of 5 N to 80 N.
The smaller angle α for suction cup B than for cup
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FIG. 4: The dependency of the pull-off time (failure time) on
the applied (pulling) force. The soft PVC suction cups A and
B are in contact with a sandblasted PMMA surface with the
rms roughness 1.89 µm. All surfaces were cleaned with soap
water before the experiments.
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FIG. 5: The calculated dependency time dependency of the
(a) radius of the non-contact region and (b) the pressure in
the suction cup, for several pull-off forces (from F1 = 5 N in
steps of 5 N to 80 N). The soft PVC suction cup is in contact
with a sandblasted PMMA surface with the rms roughness
1.89 µm.
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FIG. 6: The dependency of the pull-off time (failure time) on
the substrate surface roughness. For soft PVC suction cups in
contact with sandblasted PMMA surfaces with different rms-
roughness, and a table surface. The pull-off force F1 = 10 N.
All surfaces were cleaned with soap water before the experi-
ments, and a new suction cup was used for each experiment.
A imply that if the same amount of gas would leak into
the suction cups the gas pressure pb inside the suction
cup will be highest for the suction cup B. This will tend
to reduce the lifetime of cup B. Similarly, the smaller
stiffness of the cup B result in smaller contact pressure
p, which will increase the leakage rate and reduce the
lifetime. Hence both effects will make the lifetime of the
suction cup B smaller than that of the cup A.
The dependency of the failure time on the surface
roughness–Fig. 6 shows the dependency of the pull-off
time (failure time) on the substrate surface roughness.
The results are for the type A soft PVC suction cups
in contact with sandblasted PMMA surfaces with differ-
ent rms roughness, and a table surface. Note that for
“large” roughness the predicted failure time is in good
agreement with the measured data, but for rms rough-
ness below ≈ 1 µm the measured failure times are much
larger than the theory prediction. In addition, the de-
pendency of the radius r(t) of the non-contact region
on time is very different in the two cases: For roughness
larger than ≈ 1 µm the radius increases continuously with
time as also expected from theory (see Fig. 5(a)). For
roughness below ≈ 1 µm the boundary line r(t) stopped
to move a short time after applying the pull-off force, and
remained fixed until the detachment occurred by a rapid
increase in r(t) (catastrophic event). We attribute this
discrepancy between theory and experiments to transfer
of plasticizer from the soft PVC to the PVC-PMMA in-
terface; this (high viscosity) fluid will fill-up the critical
constrictions and hence stop, or strongly reduce, the flow
of air into the suction cup. This is consistent with many
studies[25] of the transfer of plasticizer from soft PVC to
various contacting materials. These studies show typical
transfer rates (at room temperature) corresponding to a
5∼ 1−10 µm thick film of plasticizer after one week waiting
time. Optical pictures of the rough PMMA surface after
long contact with the suction cup A also showed dark-
ened (and sticky) annular regions indicating transfer of
material from the PVC to the PMMA surface.
Summary–We have studied the leakage of suction cups
both experimentally and using a multiscale contact me-
chanics theory. In the experiments suction cups (made
of soft PVC) were pressed against sandblasted PMMA
sheets. We found the failure times of suction cups to be
in good agreement with the theory, except for surfaces
with rms-roughness below ≈ 1µm, where diffusion of plas-
ticizer occured, from the PVC to the PMMA counterface
resulting in blocking of critical contrictions.
[1] B.N.J. Persson, Sliding Friction: Physical Principles and
Applications, Springer, Heidelberg (2000).
[2] E. Gnecco and E. Meyer, Elements of Friction Theory
and Nanotribology, Cambridge University Press (2015).
[3] J.N. Israelachvili, Intermolecular and Surface Forces,
(Academic, London), 3rd Ed. (2011).
[4] J.R. Barber, Contact Mechanics (Solid Mechanics and
Its Applications), Springer (2018).
[5] B.N.J. Persson, Contact mechanics for randomly rough
surfaces, Surface Science Reports 61, 201 (2006).
[6] B.N.J. Persson, O. Albohr, U. Tartaglino, A.I. Volokitin
and E. Tosatti, On the nature of surface roughness with
application to contact mechanics, sealing, rubber friction
and adhesion, J. Phys.: Condens. Matter 17, R1 (2005)
[7] C. Creton, M. Ciccotti Fracture and adhesion of soft
materials: a review Reports on Progress in Physics 79,
046601 (2016).
[8] R Spolenak, S Gorb, H Gao, E Arzt, Effects of contact
shape on the scaling of biological attachments, Proceed-
ings of the Royal Society A: Mathematical, Physical and
Engineering Sciences 461, 305 (2005).
[9] L. Pastewka, M.O. Robbins Contact between rough sur-
faces and a criterion for macroscopic adhesion, Proceed-
ings of the National Academy of Sciences 111, 3298
(2014).
[10] Martin H Mu¨ser, Wolf B Dapp, Romain Bugnicourt,
Philippe Sainsot, Nicolas Lesaffre, Ton A Lubrecht, Bo
NJ Persson, Kathryn Harris, Alexander Bennett, Kyle
Schulze, Sean Rohde, Peter Ifju, W Gregory Sawyer,
Thomas Angelini, Hossein Ashtari Esfahani, Mahmoud
Kadkhodaei, Saleh Akbarzadeh, Jiunn-Jong Wu, Georg
Vorlaufer, Andras Vernes, Soheil Solhjoo, Antonis I
Vakis, Robert L Jackson, Yang Xu, Jeffrey Streator,
Amir Rostami, Daniele Dini, Simon Medina, Giuseppe
Carbone, Francesco Bottiglione, Luciano Afferrante,
Joseph Monti, Lars Pastewka, Mark O Robbins, James
A Greenwood, Meeting the contact-mechanics challenge,
Tribology Letters 65, 118 (2017).
[11] AI Vakis, VA Yastrebov, J Scheibert, C Minfray, L
Nicola, D Dini, A Almqvist, M Paggi, S Lee, G Lim-
bert, JF Molinari, G Anciaux, R Aghababaei, S Echev-
erri Restrepo, A Papangelo, A Cammarata, P Nicolini,
C Putignano, G Carbone, M Ciavarella, S Stupkiewicz,
J Lengiewicz, G Costagliola, F Bosia, R Guarino, NM
Pugno, MH Mu¨ser, Modeling and simulation in tribol-
ogy across scales: An overview, Tribology International
(TRIBINT-D-17-01694 - Accepted Manuscript).
[12] A. Tiwari, Adhesion, Friction and Leakage in Contacts
with Elastomers, PhD thesis, Publisher: NTNU (2018).
[13] BNJ Persson Theory of rubber friction and contact me-
chanics, The Journal of Chemical Physics 115, 3840
(2001)
[14] W.B. Dapp, A. Lu¨cke, B.N.J. Persson, and M.H. Mu¨ser
Self-Affine Elastic Contacts: Percolation and Leakage
Phys. Rev. Lett. 108, 244301 (2012).
[15] B. Lorenz, B.N.J. Persson, On the dependence of the leak
rate of seals on the skewness of the surface height proba-
bility distribution Europhysics Letters 90, 38002 (2010).
[16] B. Lorenz, B.N.J. Persson Leak rate of seals: Effective-
medium theory and comparison with experiment The Eu-
ropean Physical Journal E 31, 159 (2010).
[17] B.N.J. Persson, C. Yang, Theory of the leak-rate of seals,
J. Phys.: Condens. Matter 20, 315011 (2008).
[18] A. Tiwari, L. Dorogin, M. Tahir, K.W. Stckelhuber, G.
Heinrich, N. Espallargas, B.N.J. Persson, Rubber contact
mechanics: adhesion, friction and leakage of seals, Soft
Matter 13, 9103 (2017).
[19] A.L. Ruina, Slip instability and state variable friction
laws, J. Geophys. res. 88, 10359 (1983).
[20] J.R. Rice and A.L. Ruina, Stability of steady frictional
slipping, J. Appl. Mech. 50, 343 (1983).
[21] A. Almqvist, C. Campan, N. Prodanov and B.N.J. Pers-
son, Interfacial separation between elastic solids with
randomly rough surfaces: Comparison between theory
and numerical techniques, Journal of the Mechanics and
Physics of Solids 59, 2355 (2011).
[22] L. Afferrante, F. Bottiglione, C. Putignano, B.N.J. Pers-
son, G. Carbone, Elastic contact mechanics of randomly
rough surfaces: an assessment of advanced asperity mod-
els and Perssons theory, Tribology Letters 66, 75 (2018).
[23] M.H. Nacer, Tangential Momentum Accomodation Coef-
ficient in Microchannels with Different Surface Materials,
PhD thesis, Marseille (2012).
[24] A. Tiwari and B.N.J. Persson, in preparation.
[25] Jung Hwan Kim, Seong Hun Kim, Chang Hyung Lee,
Jae-Woon Nah, and Airan Hahn DEHP Migration Behav-
ior from Excessively Plasticized PVC Sheets, Bull. Ko-
rean Chem. Soc. 24, 345 (2003).
